A new nanostructured hydroxyapatite-coated porcine acellular dermal matrix (HAp-PADM) was fabricated by a biomimetic mineralization method. Human periodontal ligament stem cells were seeded on HAp-PADM and the effects of this scaffold on cell shape, cytoskeleton organization, cell viability, and osteogenic differentiation were examined. Periodontal ligament stem cells cultured on HAp-PADM exhibited different cell shape when compared with those on pure PADM. Moreover, HAp-PADM promoted cell viability and alkaline phosphatase activity significantly. Based on quantitative real-time polymerase chain reaction, the expression of bonerelated markers runt-related transcription factor 2 (Runx2), osteopontin (OPN), and osteocalcin (OCN) upregulated in the HAp-PADM scaffold. The enhancement of osteogenic differentiation of periodontal ligament stem cells on the HAp-PADM scaffold was proposed based on the research results. The results of this study highlight the micro-nano, two-level, three-dimensional HAp-PADM composite as a promising scaffold for periodontal tissue engineering.
Introduction
As one of the key elements of tissue engineering, scaffolds are used to create the threedimensional (3D) organization for appropriate cell interactions and to serve as vehicles to deliver and retain cells and molecules. The scaffold materials studied widely for periodontal tissue engineering include chitosan, 1,2 bioactive glass, 3 and silk. 4 Among them, porcine acellular dermal matrix (PADM) has been paid much attention because of its good biocompatibility, biodegradation properties, and easiness to prepare. PADM is mainly composed of type I and II collagen and has been successfully used in covering full-thickness burn wounds in clinical practice. 5 Moreover, a purified porcine skin sheet can be easily tailored to a certain size and shape for a variety of applications.
(HAp) has been widely used for bone regeneration and dental implant osseointegration because of its osteoconductive and osteoinductive properties. 11, 12 Currently, by a biomimetic mineralization method, the authors' group and Guo et al successfully assembled HAp on the channel surface of PADM, and prepared a bioactive scaffold for periodontal tissue engineering (HAp-PADM). 6, 13 It was found that HAp-PADM had relatively high mechanical strength and reduced the high rate of enzymatic degradation of natural collagen, which could increase the compressive resistance and stabilize the collagen-based materials. Moreover, the HAp-PADM scaffold was biocompatible for human periodontal ligament (PDL) cells and MC3T3-E1 preosteoblasts, and the cells were able to proliferate and migrate into the scaffold. 6, 13 Therefore, this composite system combining the advantages of PADM and HAp seems to be a promising choice for periodontal tissue regeneration.
In this study, human PDL stem cells (PDLSCs) were cultured and identified, and then seeded on HAp-PADM and pure PADM scaffolds. The morphology and distribution of PDLSCs were examined with scanning electron microscope (SEM) and confocal laser scanning microscope (CLSM). In addition, methylthiazol tetrazolium (MTT) assay was used to evaluate cell viability, and alkaline phosphatase (ALP) activity was detected to determine osteogenic differentiation of PDLSCs on the scaffolds. Moreover, the expression of bone-related markers runt-related transcription factor 2 (Runx2), osteopontin (OPN), and osteocalcin (OCN) were detected by reverse transcriptase polymerase chain reaction (RT-PCR).
Material and methods

Preparation of PADM and HAp-PADM scaffolds
A PADM scaffold with natural microporous structure was decellularized through a series of agitations involving enzymes, detergents, and hyperosmotic saline treatment. The obtained PADM is used for preparation of HAp-PADM scaffolds by assembling HAp nanostructures on the channel surface of a PADM scaffold through a biomimetic chemical mineralization process in simulated body fluid. The preparation process, structural and morphological characterization, mechanical properties, and in vitro biodegradation rate of PADM and HAp-PADM scaffolds were described in detail previously. 6 PADM is a 3D interconnected network structure, mainly composed of collagen I, with channel diameter over 100 µm and channel wall thickness of about 10-20 µm. The HAp-PADM composite scaffold is a two-level, 3D network structure. After the biomimetic mineralization process, the composite still keeps its 3D interconnected network structure, which is the first level of the 3D network structure. A layer of HAp 3D network nanostructure with about 120 nm in channel diameter is assembled on the surface of the channel. This special structure endows the HAp-PADM composite scaffold with high strength, long-term biodegradation durability, and osteogenic differentiation promotion potential.
Collection and culture of human PDLSCs
Written approval for human PDL collection performed in this study was obtained from the Medical Ethics Committee of Medical School, Shandong University (approval number: 2010015; Jinan, People's Republic of China) and written informed consent was obtained from each individual participant. Teeth were collected from clinically healthy premolars extracted for orthodontic reasons. PDLSCs were collected and cultured as previously described.
14 Briefly, PDL tissues were digested, and dissociated cell suspension was filtered and seeded at a low concentration for single cell-derived colony selection. Individual colonies were isolated with colony rings and expanded into individual vessels for further cultivation.
Immunocytochemical staining
PDL single-cell colonies were cultured on eight-well chamber slides until confluent and immunocytochemical staining for mesenchymal stem cell (MSC) marker, STRO-1, was performed as previously described.
14 Briefly, after fixing with 4% paraformaldehyde and sealing with 10% bovine serum albumin (Sigma-Aldrich, St Louis, MO, USA), cells were incubated with diluted primary antibody anti-STRO-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or mouse immunoglobulin G1 (IgG1) as a negative control, and finally with fluorescein-conjugated secondary antibody. Afterwards, the cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (Sigma-Aldrich). The slides were mounted and then analyzed under a fluorescence microscope (BX51, Olympus Ltd, Tokyo, Japan).
Flow cytometric analysis
P D L S C s we r e d e t a c h e d w i t h 0 . 0 5 % t r y p s i n / ethylenediaminetetraacetic acid and resuspended in blocking buffer containing Hanks' balanced salt solution (SigmaAldrich) supplemented with 5% fetal calf serum, 1% bovine serum albumin, and 5% normal human serum for 1 hour. PDLSCs cultured on the scaffolds PADM and HAp-PADM samples were cut into 8 mm × 8 mm × 0.6 mm pieces for cell culture. First, the scaffolds were sterilized using 75% ethanol for 2 hours in a 24-well plate, exposed to ultraviolet radiation for 30 minutes, washed three times with sterile phosphate buffered saline, and then transferred into 24-well culture plates and prewetted with α-minimal essential medium overnight. After 80% confluence, PDLSCs were digested with 0.25% trypsin, and 100 µL cell suspension containing 5 × 10 4 cells were seeded into each scaffold. After 3 hours, another 900 µL culture medium was added to each well, and the culture was maintained at 37°C in 5% carbon dioxide and 95% humidity.
SEM observation
PDLSCs mor phology on HAp-PADM and PADM scaffolds was examined using an SEM (S-750; Hitachi Ltd, Tokyo, Japan). The detailed method has been described elsewhere. 14 
CLSM observation
PDLSCs (5 × 10 4 ) were seeded into each scaffold in 24-well plastic culture plates. Forty-eight hours after initial seeding, the cell-coated samples were fixed with 3.7% formaldehyde solution for 10 minutes and then extracted with 0.1% Triton X-100 (Sigma-Aldrich) for 5 minutes and blocked with phosphate buffered saline containing 1% bovine serum albumin (Sigma-Aldrich) for 30 minutes. The samples were then stained with phalloidin conjugated to Alexa Fluor ® 488 (Life Technologies, Carlsbad, CA, USA) and examined with a TCS SP 2 CLSM (Leica Microsystems, Wetzlar, Germany).
Cell viability and ALP activity assay
Cell viability was determined by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay and ALP activity was measured by the p-nitrophenyl phosphate method as previously described. 14 
Quantitative RT-PCR analysis of bone-related markers
Osteogenic gene expression of human PDLSCs cultured on HAp-PADM and PADM was explored by RT-PCR analysis as previously described.
14 Briefly, the cell-seeded HAp-PADM and PADM scaffolds were rinsed after 3, 7, and 14 days, and the cells on the scaffolds were digested and lysed with TRIzol ® Reagent (Life Technologies), followed by reverse transcription using Oligo (dT) primers and SuperScript Table 1 . Expression of β-actin was used as an internal control.
Statistical analysis
Results are presented as the mean ± standard deviation of three to nine replicates for each experiment. The statistically significant differences between groups were assessed by one-way analysis of variance. P , 0.05 was considered statistically significant.
Results
Characteristics of PDLSCs
PDLSCs were identified as single-cell colonies generated from human PDL-derived cells ( Figure 1A ). This colonyforming cell population is termed as PDLSCs. Cultured PDLSCs exhibit positive staining for MSC marker STRO-1 ( Figure 1B) , which is originally identified as a marker for colony-forming osteogenic precursor cells isolated from bone marrow. 15 Moreover, PDLSCs were positive (defined as $95% positive cells) for MSC-associated surface markers CD44, CD73, CD90, CD105, and CD166, and were negative (#5% positive cells) for hematological markers CD14, CD34, and CD45 ( Figure 2 ). Figure 3 . PADM possesses a 3D porous structure with a channel diameter about 50-100 µm ( Figure 3A ). After the decellularization process, collagen in PADM still keeps its natural structure ( Figure 3A ). After the biomimetic mineralization process, HAp-PADM keeps the microstructure of PADM and forms a layer of an HAp 3D interconnected nanostructure with 120-150 nm microchannels on the surface of the microchannels of PADM ( Figure 3D ). Adhesion of human PDLSCs on the two scaffolds after 2 days cell seeding was also observed under SEM. Before being seeded on scaffolds, PDLSCs showed typical fibroblastlike morphology. However, PDLSCs adopt a polygonal shape on HAp-PADM ( Figure 3E ) while those on pure PADM maintain their intrinsic spindle shapes ( Figure 3B ) under SEM. PDLSCs adhered on the two scaffolds, and the morphologies of PDLSCs on the two scaffolds are different. On PADM, the vast majority of human PDLSCs appear confluent and exhibit a spindle shape, fibroblast-like morphology and possess the typical phenotype of PDLSCs ( Figure 3B ). In contrast, the shape of PDLSCs on HAp-PADM is polygonal and similar to an osteoblast phenotype ( Figure 3E ). Two cells spread completely on PADM, overlap each other, and adapt very closely to the underlying collagen fibers ( Figure 3C ), while HAp clusters can be observed on both cells and collagen fibers 2 days after cell seeding on HAp-PADM ( Figure 3F ).
CLSM images of PDLSCs on scaffolds
Morphology and distribution of viable human PDLSCs after 2 days culture on the scaffolds were observed under CLSM to further check the adhesion and immigration of cells on both of the scaffolds. Actin filament was stained by Alexa Fluor 488 phalloidin, which can emit green fluorescence when excited by light with a wavelength of 488 nm. Figure 4A and B show the cell morphology and distribution of viable cells on pure PDAM and HAp-PADM. Cells distribute on the framework with random arrangement due to the natural original channels of the PADM framework. In Figure 4A and B, it can be seen that some fluorescent spots are vague, which indicates that some cells are not on the focal plane. This phenomenon is the typical 3D growth of the cell, which illustrates that the cells can grow into the channels of the scaffold. The porous surface structure determines the cell position on the scaffold and causes different fluorescence intensity of cells or different parts of one cell to be in and out of focus. From low resolution CLSM images of the samples, it can be seen that cells on PADM seem less dense ( Figure 4C ) than those on HAp-PADM ( Figure 4D ).
Cell viability and ALP activity
There is no statistically significant difference between the pure PADM framework and HAp-PADM scaffolds after seeding for 1 day. However, after 3, 5, and 7 days culture, the viability of cells on HAp-PADM are significantly higher than those on pure PADM (P , 0.05, P , 0.01, and P , 0.01 respectively; Figure 5 ). Human PDLSCs exhibited higher viability on HAp-PADM than those on pure PADM. The observation of CLSM agreed with MTT assay, and more cells adhered on the HAp-PADM scaffold.
As an early marker for osteogenesis, ALP is assumed to reflect the degree of differentiation. ALP activity of cells on the two samples measured on days three, seven, and 14 shows that ALP activity peaked after 7 days of cultivation ( Figure 6 ). PDLSCs exhibited higher ALP activity on HAp-PADM than those on pure PADM on days three and seven (P , 0.05 and P , 0.01, respectively). On day 14, ALP activity decreased and there was no significant difference between the two groups.
RT-PCR analysis of bone-related genes
Significantly higher expression level of Runx2 and OPN was found on HAp-PADM than on pure PADM on day seven submit your manuscript | www.dovepress.com Dovepress Dovepress (P , 0.05; Figure 7 ), followed by an expression decrease on day 14 with no significant difference at this time point. OCN was continuously upregulated on HAp-PADM and peaked on day 14. The expression level of OCN on HAp-PADM was significantly higher than that on PADM on day 14 (P , 0.01).
Discussion
Biomimetic mineralization approaches to assembling a nanostructured apatite layer throughout a 3D porous bone tissue engineering scaffold have provided an effective tool for controlling surface chemistry and geometry within a large and complex structure. 9 Recently, the authors' group has successfully fabricated an HAp-PADM scaffold with a 3D two-level porous structure by assembling the HAp nanostructures on the channel surface of a PADM framework by a two-step biomimetic mineralization method. This HAp-PADM scaffold has both interconnected channels (∼100 µm in diameter) formed by collagen fiber bundles and nanopores (,100 nm in diameter). 6 In this study, the effect of this surface biomimetic apatite nanonetwork structure of PADM on the biological characteristics and osteogenic differentiation potential of PDLSCs was examined. These characteristics were compared with PDLSCs cultured on PADM with a smooth surface.
Before being seeded on scaffolds, PDLSCs showed typical fibroblast-like morphology and expressed MSC markers CD44, CD73, CD90, CD105, and CD166. However, PDLSCs adopt a polygonal shape on HAp-PADM while those on pure PADM maintain their intrinsic spindle shapes under SEM. These results indicate that the surface and chemical composition characteristics of the scaffolds could influence the phenotype of cells. In fact, scaffold mean pore size significantly influences cell morphology and phenotypic expression. 16 By the assembly of HAp on PADM, the obtained HAp-PADM scaffold has a two-level porous structure with large channels (∼100 µm in diameter) inherited from the purified PADM microstructure and small pores (100-120 nm in diameter) made up of self-assembled HAp on the channel surfaces. 6 The nano-HAp porous structure and calcium element on the channel wall may alter the phenotypic expression of PDLSCs.
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The regulation of PDLSC proliferation and viability is crucial for periodontal tissue regeneration. In this study, the proliferative effect of scaffolds on PDLSCs was examined in vitro. Human PDLSCs exhibited higher viability on HAp-PADM than those on pure PADM. The observation under CLSM agreed with the MTT assay that more cells adhered on HAp-PADM scaffold. Fibroblasts bound to a wide range of pore sizes (63-150 µm) and cells increased their viability with decreasing pore size until no cells could fit into the pores. 17 The pore size of the pure PADM scaffold is about 100 µm, which is favorable for the attachment and ingrowth of PDLSCs. Moreover, the addition of HAp might increase the scaffold surface area and the small pores made up of the HAp nanostructure may favor the attachment and growth of cells. The promoted effect of HAp-PADM on PDLSCs viability means more pluripotent stem cells can grow on the scaffold, which will facilitate the regeneration of damaged periodontal tissue.
Most importantly, the porous self-assembled 3D continuous network-like nanostructures of HAp might dissolve in culture media in vitro and increase the concentrations of calcium and phosphorus ions. The increase of the concentrations of calcium and phosphorus ions may play an important role in the regulation of cell differentiation. For example, inorganic phosphate has been reported to be a signaling molecule of osteoblast differentiation 18 and regulates multiple genes during osteoblast differentiation. 19 As an early marker for osteogenesis, ALP is assumed to reflect the degree of differentiation. In the current study, PDLSCs cultured on HAp-PADM exhibited higher ALP activity than those on pure PADM on days three and seven.
Recent studies demonstrate that synthetically nanofabricated structure can not only affect cell shape, adhesion, migration, and proliferation, but also influence RhoA kinase-mediated cytoskeletal tension, modulation of intracellular signaling pathways that regulate transcriptional level, and gene expression. 20, 21 RT-PCR analysis for osteogenic gene expression further indicates that the surface microenvironment of the scaffolds affects osteogenic differentiation. In the current study, expression of Runx2, OPN, and OCN was upregulated on HAp-PADM. Runx2 is a key transcription factor regulating a number of other genes involved in osteoblast differentiation and bone development. 22 OPN is a multifunctional phosphorylated glycoprotein secreted by osteoblasts at an early stage during bone development to facilitate attachment to the extracellular matrix, 23 while OCN is synthesized when the remodeling of the bone matrix is activated; 22, 24 this can explain why the expression of OPN reached its highest level (on day seven) earlier than OCN (on day 14) in this study. The upregulation of Runx2, OPN, and OCN further demonstrates that HAp-PADM can improve osteogenic differentiation of PDLSCs.
Altogether, the results of this study demonstrate that biomimetic HAp nanoconstructs on PADM can alter PDLSCs morphology, increase viability, and significantly enhance PDLSC osteogenic differentiation (increased ALP production and upregulation of bone-related genes). The assembly of the HAp nanostructure might increase the viability and differentiation through two approaches. First, the biomimetic mineralization procedures may change the surface topography and chemistry within the 
porous scaffolds (eg, scaffold surface area, pore diameter). Second, special interface interaction between surface apatite nanostructure and PDLSCs may induce osteogenic commitment. Therefore, further study will explore the biomolecular mechanisms by which nanostructured apatite influence PDLSC biobehavior, and an in vivo experiment with PDLSC-seeded HAp-PADM for repair of periodontal or bone defect may be performed.
Conclusion
Human PDLSCs were successfully isolated and cultured, and they expressed STRO-1 and were positive for MSC markers while negative for hematological markers. Moreover, when cultured on PADM with surface biomimetic HAp nanostructures, human PDLSCs exhibited a different shape from those cultured on the smooth surfaced PADM. Additionally, HAp-PADM promoted cell viability, upregulated ALP activity, and induced messenger ribonucleic acid expression of osteogenic differentiation markers of Runx2, OPN, and OCN. This study demonstrates that the surface HAp nanonetwork structure of PADM could promote the viability and differentiation of PDLSCs and is a promising scaffold for periodontal tissue engineering.
